Supernova remnants (SNRs) offer the means to study supernovae (SNe) long after the original explosion and can provide a unique insight into the mechanism that governs these energetic events. In this work, we examine the X-ray morphologies of different elements from oxygen to iron found in the youngest known core-collapse (CC) SNR in the Milky Way, Cassiopeia A. The heaviest elements exhibit the highest levels of asymmetry, which we relate to the burning process that created the elements and their proximity to the center of explosion. Our findings support recent model predictions that the material closest to the source of explosion will reflect the asymmetries inherent to the SN mechanism. Additionally, we find that the heaviest elements are moving more directly opposed to the neutron star (NS) than the lighter elements. This result is consistent with NS kicks arising from ejecta asymmetries.
INTRODUCTION
In the past decade, 3D simulations of core-collapse supernovae (CCSNe) have improved dramatically. These simulations primarily make use of the neutrino-driven mechanism, a mechanism where neutrinos emitted from the proto-neutron star and its surface accretion layer are absorbed to revive the shock and power the explosion (Mezzacappa 2005; Janka 2012; Burrows et al. 2012) . Although this mechanism was first proposed more than five decades ago (Colgate & White 1966) , it is only in recent years that neutrino-driven CCSNe simulations have begun to successfully explode (for reviews, see Janka et al. 2016; Müller 2016) . As computer processing power has advanced, astronomers have been able to include additional physics into their 3D models, such as precollapse perturbations (Couch & Ott 2013; Couch et al. 2015; Müller & Janka 2015; Müller et al. 2016 Müller et al. , 2017a Müller 2016) , rotation (Kuroda et al. 2014; Nakamura et al. 2015; Takiwaki et al. 2016; Summa et al. 2018 ), magnetic fields (Winteler et al. 2012; Mösta et al. 2014) , neutrino heating (Melson et al. 2015; Bollig et al. 2017) , and neutrino scattering opacity (Horowitz et al. 2017; Bollig et al. 2017; Melson et al. 2015) .
These 3D models predict properties of the explosions and newly-formed compact objects, e.g. the distribution of SN energies (Müller et al. 2017a , black hole formation rates and spin (Chan et al. 2018) , possible supernovae light-curves (Utrobin et al. 2017) , nucleosynthetic yields (Curtis et al. 2019) , explosion-generated ejecta asymmetries (Wongwathanarat et al. 2013; Summa et al. 2018; Janka et al. 2017) and NS kick velocities (Wongwathanarat et al. 2013; Janka 2017; Gessner & Janka 2018; Müller et al. 2018) . These parameters can be compared directly to observational constraints, such as neutron star birth masses (Özel & Freire 2016; Antoniadis et al. 2016; Tauris et al. 2017) , neutron star kick speeds and directions (Hobbs et al. 2005; Faucher-Giguère & Kaspi 2006; Ng & Romani 2007) , and SN explosion energies, nickel masses, and ejecta profiles (e.g., Lopez et al. 2009b; Hwang & Laming 2012; Poznanski 2013; Pejcha & Prieto 2015; Müller et al. 2017b; Sato & Hughes 2017) . Supernova remnants (SNRs) are a useful sample for comparison to simulation predictions. The heavy elements synthesized in the explosions as well as NSs are observable in young SNRs of ages 10 4 years (see reviews by Weisskopf & Vink 2012) . As the ejecta expands into the interstellar medium (ISM), the reverse shock heats the ejecta to ∼ 10 7 K temperatures, producing X-rays that can be detected with modern X-ray facilities, such as the Chandra X-ray Observatory. Wongwathanarat et al. (2013) and Janka (2017) have predicted that elements in CCSNe are ejected anisotropically as a result of asymmetric explosion mechanisms, with heavier elements (e.g., Ca, Ti, Fe) exhibiting more asymmetric profiles than lighter elements (e.g., O, Ne, Mg). In addition, simulations indicate that the bulk motion of heavier elements may be oriented in a direction opposite to the NS kick velocity, consistent with conservation of momentum between ejecta and the NS (Wongwathanarat et al. 2013; Janka 2017; Gessner & Janka 2018; Müller et al. 2018) . Recently, Holland-Ashford et al. (2017) and Katsuda et al. (2018) showed that NSs are preferentially kicked in a direction opposite to the bulk of ejecta in several young Galactic SNRs. However, to date, no studies have compared the relative asymmetries of different elements in individual SNRs and how those asymmetries relate to the NS motion.
Cassiopeia A (Cas A hereafter) is a prime target for comparison to current CCSNe simulations as it is the youngest known CC SNR in the Milky Way (≈350 years old; Thorstensen et al. 2001) . Cas A's X-ray emission is dominated by the ejecta metals, and its proximity (with a distance of 3.4 kpc; Fesen et al. 2006 ) enables investigation of the distribution of metals on small (sub-parsec) scales. Optical observations have shown that Cas A is an O-rich SNR (e.g., Chevalier & Kirshner 1978) , and light echoes from the explosion reveal that Cas A was produced by an asymmetric Type IIb SN with variations in ejecta velocities of ≈4000 km s −1 (Rest et al. 2011) . Cas A was the target of Chandra's first light image (Hughes et al. 2000) , and since then, Chandra has observed the SNR for ∼3 Ms. Prominent features of Cas A are its distinct, fast-moving ejecta knots (Fesen et al. 2006; DeLaney et al. 2010; Milisavljevic & Fesen 2015) which span from the center of the SNR to beyond the forward shock (Hughes et al. 2000; , thin synchrotron filaments around its periphery (Gotthelf et al. 2001; Vink & Laming 2003) , a NS (Tananbaum 1999) , and bright X-ray emission from intermediate-mass and heavy elements (Mg, Si, S, Ca, Ar, Ti, and Fe; Vink et al. 1996; Hwang & Laming 2012) . Recent simulations (Orlando et al. 2016; Janka et al. 2017; Wongwathanarat et al. 2017 ) have aimed to reproduce the observed characteristics of Cas A, such as the jet (e.g., Fesen & Milisavljevic 2016) , the heavy element abundances and spatial distribution (e.g., Hwang & Laming 2012; Grefenstette et al. 2017) , and the NS kick velocity (e.g., Thorstensen et al. 2001) .
Using the deep Chandra data from Cas A, Hwang & Laming (2012) divided the remnant into ∼6000 boxes and fit the spectra in each region to construct maps of the element abundances, emission measures, and plasma ionization state across the SNR. By assuming that the elements expanded homologously from the explosion site, they used each element's center-of-mass to calculate the bulk velocity of each metal. They found that oxygen has a velocity that most closely matched the velocity of the entire remnant's center-of-mass (moving northnortheast with a velocity ∼750 km s −1 ), while Si, S, and Ar had more extreme velocities (∼1000 km s −1 ) toward the east. Fe produced by complete Si-burning had a low (∼650 km s −1 ) velocity toward the north-east, whereas Fe from α-rich freeze-out (about one fourth of the total Fe) had the most extreme velocity (∼2000 km s −1 ) towards the east without any motion to the north or south (Hwang & Laming 2012) . Their bulk Fe velocity is within 90 degrees of the NS direction of motion, in contrast with simulation predictions that heavy elements should move opposite to the NS kick (e.g., Wongwathanarat et al. 2013; Janka 2017) .
In this paper, we use the available Chandra and NuS-TAR observations of Cas A to measure the asymmetries of elements heavier than carbon and compare the results to the predictions from recent SN simulations. In Section 2, we describe the observations analyzed in this study. In Section 3, we outline the methods used to measure the X-ray morphology and the details of the spectral analysis performed. In Section 4, we present our results. Section 5 summarizes our conclusions and outlines possible future work.
DATA AND SPECTRAL ANALYSIS
For our analysis, we use 15 archival Chandra X-ray observations of Cas A (see Table 1 ) from the Advanced CCD Imaging Spectrometer (ACIS), totaling ∼1.3 Ms of exposure time, with ∼3×10 8 counts in the full (0.5-8.0 keV) band. Cas A, with a diameter of ≈6 , fits on the ACIS-S3 chip. Although more data were available (Cas A has been observed for a total of ∼3 Ms), we found that spectra had sufficient signal-to-noise in the 15 longest ACIS observations to fit the spectra. Inclusion of the shorter ACIS observations dramatically increased the computation time to fit spectra, and thus we opted to limit our analysis to the observations in Table 1 . To study the distribution of Ti, we used the 4.6 Ms background-subtracted 65-70 keV image of Cas A taken with NuSTAR (Grefenstette et al. 2014 (Grefenstette et al. , 2017 , which is dominated by the radioactive decay line of 44 Ti at 67.87 keV. Using the spatially-resolved spectral fits to the 44 Ti line and non-thermal continuum reported in Table 2 of Grefenstette et al. (2017) , we estimate that the 44 Ti line produces 80-100% of the flux in the 65.0-70.0 keV band. Thus, the 65-70 keV morphology mostly reflects the distribution of the radioactive Ti in the SNR.
Our goal is to measure the morphologies of metals synthesized in the explosion. Although narrow-band images can be produced by filtering to the energy ranges that correspond to prominent X-ray emission lines (see Table 2 ), the resulting images would include the continuum emission (bremsstrahlung and synchrotron) in those bandpasses. Thus, we aim to remove the continuum emission by performing a spatially-resolved spectral analysis. Specifically, we divide the SNR into 2517 regions, model each region's spectra, and subtract the continuum emission in each region from the narrow-band images. As we do not expect the continuum to be a dominant contributor at the energies of the Ti line, we do not make continuum-subtracted images for our NuSTAR observation.
Narrow-Band Images
To produce the narrow-band images corresponding to emission lines from each element (see Table 2 for energy ranges), we used the Chandra Interactive Analysis of Observations (ciao) Version 4.7 and ftools (Blackburn 1995) . Specifically, we produced exposurecorrected, merged Chandra images from the 15 observations using the ciao command merge obs. To remove the NS from the resulting image, we used the ciao command wavdetect to define a region around the source, and then used the command dmfilth to replace this region with values interpolated from surrounding regions.
Spectral Grid
For our spatially-resolved spectral analysis, we first split the remnant into small boxes, of sizes 5 ×5 , 10 ×10 , or 20 ×20 (see Figure 1 ). The smallest boxes were used for regions inside the SNR's contact discontinuity, within 130 of the SNR's center (Gotthelf et al. 2001; Bleeker et al. 2001) , where signal was sufficient to model the spectra robustly. The 10 ×10 boxes spanned between the contact discontinuity and the forward shock (at ∼160 ), and the 20 ×20 boxes were employed at larger radii. For the regions around the northeast jet, we aligned the boxes manually to match its profile.
Following this procedure, we extracted spectra from 2517 regions from all 15 Chandra observations (see Table 1 ), binning to 20 counts per bin and subtracting the background obtained from a region outside of the SNR. We note that in certain locations, the data has sufficient counts in regions of 2.5 ×2.5 or smaller. However, upon examination, we found that no significant changes in best-fit parameters occurred between the spectra from the 2.5 ×2.5 versus the 5 ×5 regions. Thus, to keep the analysis manageable, we chose to adopt 5 ×5 regions as the smallest box size.
Spectral Fitting
We simultaneously fit the 15 spectra from each region using XSPEC Version 12.9.0 (Arnaud 1996) with AtomDB 1 3.0.7 (Smith et al. 2001; Foster et al. 2012 ). In a first pass through the data, we modeled every spectrum as an absorbed (phabs) thermal, non-equilibrium ionization (NEI) plasma (vpshock) plus a power-law component (with the photon-index fixed to 2.5 to model the synchrotron emission). We let the ionization timescale of the vpshock component vary up to 10 12 cm −3 s, which would reflect a plasma in collisional ionization equilibrium (CIE, Smith & Hughes 2010) . Past work has demonstrated that the plasma in Cas A is in a NEI state (Hwang & Laming 2012 ; Ruther- ford et al. 2013), consistent with our best-fit ionization timescales. As nearly all of the regions analyzed are ejecta-dominated, we assumed oxygen is the primary source of the thermal continuum (Vink et al. 1996; . Thus, we adopted an oxygen abundance of 1 relative to solar and allowed the heavier elements (Mg, Si, S, Ar, Ca, Fe, Ni) to vary freely, assuming solar abundances from Anders & Grevesse (1989) .
We fit the spectra, initially allowing only the column density N H , temperature kT , ionization timescale, and normalization to vary. Subsequently, we thawed the elemental abundances and refit. Finally, to account for the Doppler shifts of the expanding ejecta, we allowed the redshift to vary and refit once more. This procedure was chosen after performing tests on spectra of different signal-to-noise levels and spectral shapes, and we found that it was the most successful at producing accurate spectral fits that did not get stuck in χ 2 local minima. After these steps, if a region's fit yielded a high reduced chi-squared ( 4) or if the model did not account sufficiently for the Fe K line, we added a second vpshock component with a greater plasma temperature. For this second component, we found that allowing the temperature and Fe abundance to vary (with all other abundances set to solar) best reproduced the spectrum without adding too many free parameters.
In Figure 1 we plot an example of the best-fit, two vpshock + power-law model used to reproduce the emission from a region on the eastern side of the SNR. We note that Hwang & Laming (2012) also found that a model with two thermal components (vpshock+NEI) was needed to accurately fit the Fe K lines in many regions. They adopted a single ionization timescale (of 8 × 10 11 cm −3 s) and temperature (1.95 keV) to match the values of the most enriched Fe ejecta spectra from , while we allowed these parameters to vary. We get similar results to those of , and in Section 4.3, we present a more detailed comparison between our results.
Continuum-Subtracted Images
To produce continuum-subtracted images, we modeled just the thermal+non-thermal continuum in each region as well. For this step, we used the AtomDB NoLine 2 model (apecnoline) to model the thermal continuum using the same N H , kT , normalization, and redshift values calculated for the vpshock+power-law model. We used the same normalization and photon-index for the nonthermal component. We then derived the fraction of emission arising from the corresponding element's emission line, F elem , given by
where the continuum flux (from the apecnoline+power-law fit) and total flux (from the vpshock+power-law fit) are measured within the associated element's bandpass (see Table 2 ). Prior to producing the continuumsubtracted images, we smoothed the derived F elem by taking the average of all adjacent regions. This gave us seven fits files, one for each element (O, Mg, Si, S, Figure 2 . Continuum-subtracted element maps of Cas A. The green star is the explosion site (Thorstensen et al. 2001) , the white 'X' is the full-band (0.5-8.0 keV) center-of-emission, and the blue circle is the center-of-emission for the element displayed. The white scale bar at the bottom-left of each image is 2 in length. See Grefenstette et al. (2017) for the narrow-band Ti image we used.
Ar, Ca, Fe), with pixel values equal to the smoothed percentage of emission from the given element (F elem ). We then multiplied the narrow-band images by these fits files to get the continuum-subtracted images shown in Figure 2. 
Titanium Data
In addition to the Chandra images, we also analyzed the 4.6 Ms NuSTAR 44 Ti (65-70 keV) image of Cas A, as presented in Grefenstette et al. (2014 Grefenstette et al. ( , 2017 . We did not perform spatially-resolved continuum subtraction on this narrow-band image; as noted in Section 2, we estimate that 80-100% of the flux in this band is from the radioactive decay line based on fits to the non-thermal continuum presented in Grefenstette et al. (2015) .
METHODS
We use the power-ratio method (PRM), a multipole expansion technique, to analyze the distribution of elements in Cas A. This method was employed previously to characterize the X-ray morphology of galaxy clusters (Buote & Tsai 1995 , 1996 Jeltema et al. 2005) and was adapted by Lopez et al. (2009a) for use on SNRs (e.g., Lopez et al. 2009b Lopez et al. , 2011 Peters et al. 2013; HollandAshford et al. 2017; Stafford et al. 2018) . Using the PRM, we calculate the powers P m of the expansion, which are derived by integrating the magnitude of the m-th term over a circle of radius R. Then we divide the powers P m by the zeroeth order term P 0 to normalize with respect to flux. For a more detailed/mathematical description of this method and its application to SNRs, see Lopez et al. (2009a) .
We adopt the center-of-emission of each element's image (a proxy for the center-of-mass) as the origin of the multipole expansion for that element (marked as white 'X's in Figure 2 ). In this case, the dipole power-ratio P 1 /P 0 approaches zero, whereas the higher-order moments give details about successively smaller-scale asymmetries. P 2 /P 0 is the quadrupole power-ratio and quantifies the ellipticity/elongation of an extended source. P 3 /P 0 is the octupole power-ratio and is a measure of mirror asymmetry.
We performed this analysis on both the narrow-band and the continuum-subtracted images to investigate how closely the less-accurate, but simpler, narrow-band results matched the continuum-subtracted images. For the narrow-band images, uncertainties in the powerratios are estimated via the Monte Carlo process described in Lopez et al. (2009a) . The program AdaptiveBin (Sanders & Fabian 2016 ) is used to bin the SNR into sections of equal total photon counts. Then, the counts in each bin are replaced by a number taken randomly from a Poisson distribution, with the mean equaling the original number of counts.
For the continuum-subtracted Chandra images (Figure 2) , uncertainties in the power-ratios are estimated via a different Monte Carlo process. Each element's fractional contribution to the observed flux F elem (values of 0 to 1) has an associated error. This error is greater for weaker emission lines since the fractional contribution of noise is more. We performed a linear extrapolation (python's spline) on the median of binned errors taken from F elem values from 1000 random boxes to create a function that, given a value of F elem , would output the typical error on that measurement. Similar to the above Monte Carlo method, we then replaced each region's flux fraction with a number taken randomly from a truncated normal distribution, with the mean equaling the original fractional value and the error estimated from the described linear extrapolation.
For analysis on both the narrow-band and continuumsubtracted images, the process was repeated 100 times to create 100 mock images of each element. We then measured the power-ratios of the 100 images and took the mean of those values as the derived power-ratios plotted in Figure 3 . We adopt the sixteenth-highest and -lowest values as the confidence limits, chosen to match the 1-σ range of a Gaussian distribution.
4. RESULTS Figure 3 shows the quadrupole power-ratio P 2 /P 0 versus the octupole power-ratio P 3 /P 0 for the metals using the center-of-emission of each element as the origin of the multipole expansions. We find a strong correlation for the continuum-subtracted images: the distributions of heavier elements are more elliptical and are more mirror asymmetric (Fig. 3, left panel) . Compared to the continuum-subtracted image analysis, the narrowband image analysis shows argon and calcium to be less asymmetric than silicon and sulfur (Fig. 3, right panel) . Additionally, the narrow-band image analysis indicates lower levels of asymmetry compared to the continuumsubtracted results for all of the elements except oxygen. The lower power-ratios in the narrow-band images likely occurs because they include the continuum, which is primarily bremsstrahlung emission from oxygen (Chevalier & Kirshner 1978) , which exhibits a symmetric profile. Thus, in the Cas A images, the continuum subtraction was necessary to distinguish the relative symmetry of the intermediate-mass elements.
Elemental Distributions
In Figure 3 , we group the elements by the burning processes that produced them. Oxygen and magnesium are mostly formed prior to the explosion, through hydrostatic core burning of helium and carbon, respectively (Woosley et al. 2002; Curtis et al. 2019) . At the onset of the explosion, these elements are mixed together Figure 3 . The quadrupole power-ratios P2/P0 versus the octupole power-ratios P3/P0 using the continuum-subtracted images (left) and the narrow-band images (right). The elements are color-coded by the main burning process that creates them. The 44 Ti data points on both panels are from analysis on the narrow-band Ti image. The "Reverse Shock-Heated" Ti data point represents the analysis of the image where all Ti flux interior the reverse shock has been set to zero, to better compare the radioactive Ti emission with the emission from the other reverse shock-heated elements (see Section 4).
in an outer convective shell. During the explosion, the innermost section of the oxygen-magnesium-neon shell experiences explosive burning that produces the highermass elements (Woosley et al. 2002; Curtis et al. 2019) .
The remaining O and Mg-located far away from the explosion center-should exhibit the most symmetric, post-explosion distributions compared to the heavier elements. We find that the O in Cas A has significantly lower levels of asymmetry than heavier elements (such as Si, Ar, and Fe). By comparison, Mg has an asymmetry level distinct from O and is closer to those of intermediate-mass elements formed largely through explosive burning (e.g., Si). We find that Fe exhibits the highest levels of ellipticity and mirror asymmetry. Our results are broadly consistent with the relative element asymmetries from 3D SN simulations (Wongwathanarat et al. 2013; Janka 2017; Müller et al. 2018) , where O is the most symmetrically distributed, Mg is marginally affected by asymmetries, and heavier elements (particularly Fe) are the most asymmetric.
Titanium, an element also formed primarily through explosive silicon burning (Woosley et al. 2002; Curtis et al. 2019) , is predicted to have similar levels of asymmetry as Fe in neutrino-driven explosions . To test this hypothesis, we measured the power-ratios of the 44 Ti in the narrow-band NuS-TAR image and plot the results in Figure 3 . While the mirror asymmetry of the Ti is comparable to that of Fe, the ellipticity of the Ti is extremely low. The Ti emission is from radioactive decay, whereas the other elements' line emission is from collisional de-excitation following heating by the reverse shock. As the reverse shock has not fully propagated to the interior of Cas A (Gotthelf et al. 2001; DeLaney et al. 2010) , the ejecta in the SNR center is not hot enough to produce X-ray emission, and thus the elements' symmetry measured from the soft X-ray lines may not reflect the true distribution of those metals.
To better compare the Ti distribution to that of the reverse shock-heated metals, we re-ran the symmetry analysis on a Ti image where the detected emission interior to the revere shock was set to zero. We find that the resulting elliptical asymmetry of Ti increases by a factor of two, whereas the mirror asymmetry decreases by ∼30%, suggesting that the Ti distribution is more consistent with the other elements. We note that ≈40% of the detected Ti in Cas A is interior to the reverse shock (Grefenstette et al. 2017 ), so we caution that this approach ignores a large fraction of the Ti.
The four elements clumped near the center of the power-ratio plot-Si, S, Ar, Ca-are all formed by a mix of hydrostatic and explosive oxygen burning (Woosley et al. 2002; Curtis et al. 2019) . The combination of these two processes, which should result in low and high levels of asymmetry respectively, is likely why the elements have intermediate values of the power-ratios in Figure 3 . These metals likely have similar degrees of asymmetry as each other because they are formed through the same burning processes.
Comparison of NS Kicks to Ejecta Distributions
We also investigate how the element asymmetries compare to the NS kick direction (see Figure 4) . Based on the angle between the centers-of-emission for each el- Figure 4 . An image marking the centers-of-emission for each element (green Xs), the full band (0.5-8.0 keV; white X), the explosion site (red circle), and the current location of the neutron star (cyan circle). The vector from the explosion site to the NS indicates the NS's direction of motion. The vector from the explosion site to full-band center-of-emission indicates the direction of motion of the bulk of ejecta, a ∼155
• angle from the NS direction.
ement and the NS position with respect to the explosion site, the heavier elements (Ar, Ca, Ti, and Fe) are more directly opposed to the NS direction of motion than the lighter elements (O, Mg, Si, and S; see Table 2 ). These results are consistent with recent work by Holland-Ashford et al. (2017) and Katsuda et al. (2018) which showed that NSs are preferentially moving in a direction opposed to the bulk of ejecta in several young SNRs, as expected if the NS kick arises from conservation of momentum with the ejecta (Wongwathanarat et al. 2013; Müller 2016; Bruenn et al. 2016; Janka 2017 ). Recent SN simulations have shown that the "gravitational tug-boat mechanism" (Wongwathanarat et al. 2013; Janka 2017) can account for the observed NS velocities of hundreds of km s −1 (Lyne & Lorimer 1994; Arzoumanian et al. 2002; Hobbs et al. 2005; FaucherGiguère & Kaspi 2006) . In these models, hydrodynamical instabilities in the SN lead to asymmetric mass ejection, accelerating the NS in a direction opposed to the bulk of ejecta by the gravitational forces of the close, slower moving ejecta "clumps" (Scheck et al. 2006; Wongwathanarat et al. 2013; Janka 2017) . Simulations by Wongwathanarat et al. (2013) revealed that such gravitational forces from anisotropic ejecta can generate NS recoil velocities of >700 km s −1 , and 2D models by Scheck et al. (2006) have achieved NS velocities exceeding 1000km −1 . In this scenario, heavier elements (e.g., Ar, Ca, Ti, Fe) are expelled in a direction opposite to the NS kick, while the lower-mass elements (e.g., O, Mg, Si, S) show a weaker correlation (Wongwathanarat et al. 2013; Janka 2017) . Our results support these predictions, as we find the highest mass elements (Ar, Ca, Ti, Fe) are moving more directly opposed to the NS motion than the intermediate-mass elements.
Comparison to Hwang & Laming 2012
Our element maps and general N-NE bulk motion of oxygen, silicon, and sulfur are consistent with the results of the Hwang & Laming (2012) study on element distributions in Cas A. However, Hwang & Laming (2012) report a NW velocity for magnesium, whereas we find that magnesium has a N-NE velocity similar to that of oxygen, silicon, and sulfur. Furthermore, Hwang & Laming (2012) show a N-NE velocity for argon, while we find that argon (and calcium) is primarily ejected in the N-NW direction, opposed to the NS motion. Our results for Fe are especially distinct from Hwang & Laming (2012) : we find that the bulk Fe is nearly directly north of the explosion site, making an angle of ∼ 160
• with respect to the NS direction of motion. By contrast, Hwang & Laming (2012) find that the bulk Fe (from either explosive silicon burning or from α-rich freezeout) is moving at an angle perpendicular to the NS's motion. Consequently, the disparate results of Hwang & Laming (2012) for Mg, Ar, and Fe are inconsistent with the predictions associated with the gravitational tug-boat mechanism.
We attribute our differing results from Hwang & Laming (2012) to the spectral models we employed and to the assumptions necessary to determine element distributions. Our element maps in Figure 2 reflect the total emission line flux detected by Chandra, which is representative of the amount of the metals and their temperatures. Hwang & Laming (2012) report the abundances relative to solar, which gives a number density associated with each element that can be used to derive their emission measures. The latter requires some assumptions (e.g., the electron density and the filling factor; see Hwang & Laming 2012 for a full discussion), introducing uncertainties in the calculations.
An additional distinction between our spectral models and those of Hwang & Laming (2012) is that we include a non-thermal component in all of our regions, whereas Hwang & Laming (2012) did not. While most regions of Cas A are dominated by thermal emission, others (such as in the west) have significant non-thermal contributions to the flux (Helder & Vink 2008; Uchiyama & Aharonian 2008) . We confirm that the non-thermal flux in the western rim is >50% of the total flux, resulting in significantly lower emission line fluxes in those locations. Thus, the maps of Hwang & Laming (2012) in that vicinity may be affected by not including a nonthermal component in their spectral models.
CONCLUSION
We have investigated the asymmetries of several elements in Cas A using X-ray images. We showed that the heaviest elements (Ti, Fe) have more asymmetric morphologies than lighter elements (Mg, Si, S, Ar, Ca), with O the most symmetrically distributed of the elements considered. These results are consistent with predictions from recent, high-fidelity 3D simulations of SN explosions (Wongwathanarat et al. 2013; Janka 2017) . We show that, although the general trend of a linear correlation between elliptical and mirror asymmetry is found using both the continuum-subtracted and the narrowband images, analysis using continuum-subtracted images is necessary to distinguish the relative asymmetries of elements formed by the same burning process.
Though the Ti is as mirror asymmetric as Fe, the ellipticity is quite low and does not follow the trends found with the other elements. We attribute this difference to the fact that the hard X-rays from Ti are produced via radioactive decay, whereas the emission from the other elements requires reverse shock-heating. Thus, the radioactive Ti is more centrally concentrated since the reverse shock has not propagated to the SNR interior yet.
Furthermore, we show that the NS kick is most directly opposed to the distribution of the bulk of the heaviest elements, consistent with NS kicks arising from the gravitational tug-boat mechanism (Wongwathanarat et al. 2013; Janka 2017) .
In the future, application of this analysis to other CC SNRs would be beneficial. A systematic study of element asymmetries in many CC SNRs would reveal the element asymmetries and show the effects that explosion properties (e.g., ejecta mass, explosion energy) have on the metal distributions. This analysis can also be performed on Type Ia SNRs (e.g., Tycho, Kepler, or G1.9+0.3) to explore chemical mixing and predictions from different ignition (see e.g., Badenes et al. 2006 ) and progenitor scenarios (e.g., single-vs double-degenerate).
